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ABSTRACT: The thermodynamic interactions between poly(4-tert-butyl styrene)
[P(4tBS)] and 1,4-polyisoprene (PI; both hydrogenous) were obtained as functions of the
temperature, PI molecular weight, and blend composition through the examination of
miscible ternary blends of these two components with a common miscible labeled
polymer [90% 1,2-deuterated polybutadiene (dPBD)] with small-angle neutron scatter-
ing. The thermodynamic interaction parameters between P(4tBS) and dPBD and be-
tween P(4tBS) and PI increased with increasing temperature and were consistent with
lower critical solution temperature behavior. Although the binary blends of P(4tBS) and
dPBD exhibited phase separation at elevated temperatures, the thermodynamic inter-
action parameters between P(4tBS) and PI remained large and negative and indepen-
dent of the PI molecular weight. Finally, the thermodynamic interactions for PI and
P(4tBS) depended strongly on the ratio of PI to P(4tBS) and were also sensitive to the
amount of dPBD present in the ternary blend. © 2004 Wiley Periodicals, Inc. J Polym Sci
Part B: Polym Phys 42: 3204–3217, 2004
Keywords: blends; miscibility; thermodynamics; neutron scattering; polyisoprene;
polybutadiene; polystyrene

INTRODUCTION

Miscible homopolymer blends are of significant
industrial value because they provide a conve-
nient and economical way of producing new poly-
meric materials. Although extensive studies of
isotopic blends,1,2 polyolefin blends,3–9 and poly-
diene blends10–14 has furthered the understand-
ing of the thermodynamics of mixing of polymers
and provided data for testing theoretical ap-
proaches,15,16 a number of outstanding issues still
persist. One of these is the attempt to bridge

between different families of polymers, that is, to
understand the mixing of polyolefins with poly-
dienes,17 polyolefins with styrenics,18 and poly-
dienes with styrenics.19

In this article, we examine the thermodynamic
interaction parameters for a new class of polymer
blends, that is, blends of poly(4-tert-butyl styrene)
[P(4tBS)] and 1,4-polyisoprene (PI). P(4tBS) and
PI form mixtures that are optically clear and be-
have like miscible systems in linear viscoelastic
and differential scanning calorimetry experi-
ments. In fact, the unusual viscoelastic properties
observed for binary blends of PI and P(4tBS) have
largely motivated this study of the thermody-
namic interactions in these blends. We have also
determined that P(4tBS) is miscible with high-
1,2-content polybutadiene (PBD) and established

Correspondence to: R. Krishnamoorti (E-mail: ramanan@
uh.edu)
Journal of Polymer Science: Part B: Polymer Physics, Vol. 42, 3204–3217 (2004)
© 2004 Wiley Periodicals, Inc.

3204



the thermodynamic interactions between P(4tBS)
and 90% 1,2-deuterated polybutadiene (dPBD),
and we have used the methodology of small-angle
neutron scattering (SANS) of ternary blends to
establish the interaction strength between
P(4tBS) and PI. This method has allowed us to
probe the interactions between unlabeled P(4tBS)
and PI without resorting to deuterium substitu-
tion, which has been shown to significantly affect
the phase behavior of polymer blends in a variety
of systems, such as microstructurally mismatched
polyolefins,4 polystyrene (PS)/poly(vinyl methyl
ether) (PVME),20 and PS/polybutadiene.21 More-
over, for mixtures of random copolymers of micro-
structurally different 1,4- and 1,2-polybutadienes
and mixtures of mixed-microstructure polyiso-
prene and polybutadienes, the labeling of one of
the components has led to the conversion of upper
critical solution temperature phase behavior into
lower critical solution temperature (LCST) phase
behavior.11,22 In particular, we examine (1) the
temperature dependence of the thermodynamic
interactions between unlabeled PI and P(4tBS),
(2) the influence of the PI molecular weight on the
thermodynamic interactions, and (3) the influ-
ence of the blend composition on the thermody-
namic interactions.

In part, this study of the thermodynamic inter-
actions of these blends complements our ongoing
study of the viscoelastic properties of these
blends. These polymer blends have very large dif-
ferences in the glass-transition temperatures
(Tg’s) for the components, with the values of PI
and P(4tBS) being �67 and 147 °C, respectively.
A miscible polymer blend with such a significant
dynamic asymmetry is expected to exhibit ther-
morheological complexity and failure of time–
temperature superpositioning unless the blend
exhibits strong attraction and, therefore, negates
the dynamic heterogeneity. Detailed thermody-
namic interactions, such as those presented in
this article, make possible a quantitative compar-
ison of the experimentally measured viscoelastic-
ity and theoretical developments so that we can
understand the dynamics of polymer blends.23

BACKGROUND

To probe the interactions between the hydroge-
nous polymers P(4tBS) and PI, we have used a
method involving ternary and binary blends of
these homopolymers with dPBD (�90% 1,2).8

dPBD forms single-phase binary mixtures with

P(4tBS) and PI, and the three polymers also form
single-phase ternary mixtures.

For a binary blend of monodisperse polymers,
the Gibbs free energy (�GM) according to the
Flory–Huggins–Staverman (FHS) theory is given
by24,25

�GM � kBT�
�1

N1�v1

v0
�ln�1 �

�2

N2�v2

v0
�ln�2 � ��1�2�

(1)

where kB is Boltzmann’s constant; T is the abso-
lute temperature; vi and Ni are the volume per
repeat unit and the number of repeat units in a
chain of component i, respectively; �i is the vol-
ume fraction of component i; and � is the thermo-
dynamic interaction parameter based on an arbi-
trary reference volume (v0).

The scattering vector (q) dependence of the
scattered coherent intensity (Icoh(q)) can be fit
with the incompressible random-phase approxi-
mation (RPA) model to obtain � between the two
homopolymers.25,26 In the RPA formulation, the
coherent scattered intensity for a binary blend
can be written as follows:27

Icoh�q� � �b1

v1
�

b2

v2
�2

S�q� (2)

where S(q) is the structure factor and bi is the
scattering length per repeat unit for species i. S(q)
is given by

1
S�q�

� � 1
N1v1�1P1�q�

�
1

N2v2�2P2�q�
� 2

�

v0
� (3)

where Pi is the weight-average single-chain form
factor for species i, which for a high-molecular-
weight, flexible, monodisperse homopolymer com-
ponent is simply the Debye function:

Pi �
2
x�e�x � 1 � x� (4)

where x is equal to Ni�
2q2/6, � is the statistical

segment length, and q is equal to (4�/�) sin(�/2). �
is the wavelength of the incident radiation, and �
is the scattering angle.

Equation 1 can be generalized for a ternary
blend of monodisperse components to yield the
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Gibbs free energy of mixing per unit of volume
(�Gm):

�Gm � kBT��1ln�1

V1
�

�2ln�2

V2
�

�3ln�3

V3
�

� X12�T��1�2 � X13�T��1�3 � X23�T��2�3 (5)

where

Xi,j�T� �
kBT
v0

�i,j�T� (6)

Vi is equal to Nivi, Ni being the degree of polymer-
ization and vi being the monomer volume. Xi,j(T)
and �i,j(T) are the interaction strengths and the
dimensionless thermodynamic interaction pa-
rameters between pairs of components. Similarly,

the generalization of the RPA formulation to a
single-phase ternary system results in the follow-
ing expression for the observed coherent SANS
intensity [Icoh(q)]:8,27

Icoh�q� � BTS(q)B (7)

In this expression, B is a 2 � 1 matrix containing
the differences in the scattering length densities:

B � �
b1

v1
�

b3

v3

b2

v2
�

b3

v3

� (8)

Finally, S(q) is the static structure factor matrix
for the ternary blend and is related to the normal-
ized form factors for the components [Pi(q)]:

1
S(q) � �

1
�1V1P1�q�

�
1

�3V3P3�q�
�

2X13

kBT
1

�3V3P3�q�
�

X12 � X13 � X23

kBT
1

�3V3P3�q�
�

X12 � X13 � X23

kBT
1

�2V2P2�q�
�

1
�3V3P3�q�

�
2X23

kBT
� (9)

Obtaining the dPBD/P(4tBS) and dPBD/PI inter-
action parameters from independent binary mea-
surements, we can fit the ternary data with eqs
7–9, with the third interaction parameter (�PI/
P(4tBS)) being the only adjustable quantity. In this
formulation, the � parameter is a convenient
measure of the excess Gibbs free energy. The com-
bined effects in � include contributions possibly
from enthalpic interactions, equation-of-state ef-
fects such as volume changes upon mixing, con-
formational entropy effects such as local packing,
and noncombinatorial entropic terms.16,28 As a
result, although the � parameter provides a stan-
dardized, conveniently comparable measure of
blend interactions, it needs to be considered in
terms of the relative importance of the various
effects that are implicit in the definition. Finally,
the formulation of the Gibbs free energy and the
fitting of the SANS data to the incompressible
RPA implicitly ignore three-body effects.

EXPERIMENTAL

Sample Preparation

All the polymers used in this study were model
polymers of low polydispersity prepared by living

anionic polymerization.29 The molecular weights
and polydispersities for the polymers are given in
Table 1. The blends were prepared by solution
mixing as follows. The appropriate amounts of the
blend components were codissolved in tetrahydro-
furan to obtain the desired compositions. The re-
sulting homogeneous solutions were slowly added
to an excess mixture of approximately 80 vol %
methanol and approximately 20 vol % acetone to
precipitate the polymer blends. Finally, the sam-
ples were placed in a vacuum oven first for ap-
proximately 16 h at room temperature and then
for approximately 6 h at 90 °C.

Table 1. Polymer Characteristics

1,2-Content Mw Mw/Mn

DPBD (d6) �90 mol % 77,700 1.06

Mw Mw/Mn

P(4tBS) 33,300 1.04

1,4-Content Mw Mw/Mn

PI-a 93 mol % (79% cis) 40,000 1.03
PI-b 93 mol % (79% cis) 320,000 1.14
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SANS

SANS samples were prepared in the following
way to achieve uniform, bubble-free samples. A
brass washer with an outer diameter of 25 mm,
an inner diameter of 15 mm, and a thickness of 1
mm was placed on a quartz window. Appropriate
quantities of the blend were placed in the annulus
of the brass washer and heated in a vacuum oven
above Tg of the blend. Once a bubble-free sample
that filled the annulus completely was achieved,
it was capped with a second quartz window.
SANS measurements were performed on the
30-m SANS beam lines (NG3 and NG7) at the
National Institute of Standards and Technology
(Gaithersburg, MD).30 Neutrons (� 	 6 Å and
��/� 	 0.15 or 0.22) were used with two different
experimental arrangements with a sample-to-de-
tector distance of 13.1 m. The resulting q ranges
were approximately 0.0038–0.049 and 0.0038–
0.042 Å�1. The SANS data were reduced and cor-
rected for parasitic background and empty-cell
scattering. Absolute cross sections were obtained
with the use of a silica secondary standard. Fi-
nally, a q-independent incoherent scattering cor-
rection, assumed to primarily originate from pro-
tons, was subtracted before data analysis.25 The
incoherent scattering calculations were based on
the scattering from a purely protonated PI and
the proton density of the studied samples.

RESULTS

Binary Blends

Temperature-dependent SANS data from binary
blends of dPBD and PI were collected as a func-
tion of the blend composition for two molecular
weights of PI [40,000 (PI-a) and 320,000 (PI-b)].
For both systems, the binary data were measured
for three compositions: 25/75, 50/50, and 75/25.31

As expected from literature sources, this blend
exhibits LCST phase behavior11,13,22,32,33 with the
SANS intensity at low q increasing with increas-
ing temperature. For a binary mixture, I(q) at low
q can be adequately described with the Ornstein–
Zerneike equation:

I�q� �
I�0�

1 � 	2q2 (10)

where 	 is the correlation length. Thus, as shown
in Figure 1 for a 50/50 blend of dPBD and PI-a,

the 1/I(q)–q2 data can be extrapolated to q 	 0 to
yield the scattering in the forward angle [I(0)] as
a function of the temperature. Furthermore, the
value of I(0) for a single-phase binary blend is
proportional to (�s � �)�1, where �s is the ther-
modynamic interaction parameter at the spinodal
[the limit of stability, that is, �s	 1/2(1/�1N1(v1/
v0)
1/�2N2(v2/v0))] and will approach infinity at
the limit of stability. Because � is approximately
equal to 1/T, the x intercept of a graph of 1/I(0)
versus 1/T yields the spinodal temperature. Fur-
thermore, the binodal temperature, if present,
can also be qualitatively recognized from a plot of
1/I(0) versus 1/T as a discontinuous deviation
from the roughly straight-line behavior in the
single-phase region. The resulting 1/I(0)–1/T data
for the two dPBD/PI systems are shown in the
inset of Figure 1. Because of the low molecular
weight of PI-a, the dPBD/PI-a blends are very far
from their spinodal points. Additionally, the
dPBD/PI-b blend limits of stability, while signifi-
cantly closer to the experimental temperature
window, are not close enough to determine the
spinodal temperatures without degradation of the
samples.

To obtain the thermodynamic interaction pa-
rameters for the dPBD/PI blends, we fit the scat-
tering data to eqs 5–7. The data were fit with
established � values of PI34 and with interpola-
tion for dPBD based on literature values for
PBDs of different microstructures.1,2,33 Two un-
knowns, the thermodynamic interaction parameter
(�PI/dPBD) and a chain expansion factor (
) ac-
counting for possible changes in the radius of
gyration (Rg) due to blending, were obtained from
the fits of the data. The values of 
 lie between
0.98 and 1.03 (randomly distributed around 1)
and indicate that the segment lengths used for
the components from the pure component values
are reasonably accurate. Values of �PI/dPBD are
shown in Figure 2 and are tabulated in Tables 2
and 3. All the data for � reported in these tables
and other tables and figures are based on a tem-
perature-independent reference volume of 100
cm3/mol.

Both systems are miscible in the temperature
range examined, and the binary data for the two
molecular weights show excellent agreement. As
expected from a blend with LCST,22 the values of
� increase with increasing temperature, indicat-
ing an increase in the concentration fluctuations
in the system. Furthermore, the values of the
interaction parameter, in light of the differences
in the microstructure (i.e., the fractions of 1,2-
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and 1,4-addition units), are in reasonable agree-
ment with those reported by Thudium and Han.22

The final observation from Figure 2 is the pres-
ence of a small but significant composition depen-

Figure 1. Zimm analysis of the SANS data for the 50/50 dPBD/PI-a blend as a
function of temperature. The intercepts of the linear extrapolation of 1/ICoh(q) (where
ICoh is the coherent SANS intensity) versus q2 to q 	 0 even at 170 °C indicate that the
system is far from any limit of thermodynamic stability. The extrapolated values of I(0)
as a function of the temperature for all the dPBD/PI-a and dPBD/PI-b blends are shown
in the inset: (�) 25/75 dPBD/PI-a, (E) 50/50 dPBD/PI-a, (�) 75/25 dPBD/PI-a, (‚) 75/25
dPBD/PI-b, and (ƒ) 50/50 dPBD/PI-b.

Figure 2. Temperature dependence of the thermody-
namic interaction parameters for blends of dPBD/PI-a
and dPBD/PI-b based on a reference volume of 100
cm3/mol. The data indicate no dependence (within the
error of the measurements) on the molecular weight of
PI. Additionally, the data are consistent with LCST
phase behavior for these blends.

Table 2. RPA Fitting Results for the dPBD/PI-a
Blendsa

Temperature
(°C)

25/75 �
(�104)

50/50 �
(�104)

75/25 �
(�104)

23 �14.4 �27.0 �32.9
30 �13.6 �24.2 �29.6
40 �9.9 �19.0 �23.5
50 �5.9 �14.4 �18.5
65 �2.3 �8.8 �13.0
80 1.1 �4.2 �8.7
95 3.7 �0.8 �4.6

110 6.0 2.0 �1.8
130 8.8 5.1 1.4
150 11.5 7.8 3.9
170 14.5 10.3 5.4

a The � values are given on the basis of a reference volume
of 100 cm3/mol.
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dence for the interaction parameter. This compo-
sition dependence is roughly linear (and consis-
tent with the findings of Thudium and Han) and
is taken into account when these binary interac-

tion parameters are used to fit the ternary data in
the next section.

For the dPBD/P(4tBS) binary blend, the same
three compositions were prepared. In these cases,
the two fitted parameters were � and � for
P(4tBS). Previously, dilute-solution-based intrin-
sic viscosity measurements have been used to in-
vestigate the unperturbed � dimensions of
P(4tBS), and no melt-state SANS-based segment
length is available.29,35 The resulting interaction
parameters for the blends with compositions of
50/50 and 75/25 are shown in Figure 3. These �
data, as well as the P(4tBS) segment lengths, are
also summarized as a function of the temperature
in Table 4. The 25/75 dPBD/P(4tBS) blend data
could not be collected because the sample was
already phase-separated at the beginning of the
experiment on account of the high temperatures
required (because of the high Tg) to make it flow
during the SANS sample preparation.

The segment length for P(4tBS) obtained from
the fitting of the SANS data is significantly
smaller than that anticipated from the dilute-
solution intrinsic viscosity reported previously (�
	 8.4 Å).29 This is not a surprising result because

Table 3. RPA Fitting Results for the dPBD/PI-b
Blendsa

Temperature (°C) 50/50 � (�104) 75/25 � (�104)

30 �25.7 �27.2
40 �20.5
50 �15.7 �18.1
60 �10.8 �14.4
70 �7.4 �10.8
80 �4.8 �7.8
90 �2.4 �5.1

100 �0.3 �2.8
110 1.5 �1.0
120 3.6 0.5
135 5.7 2.4
150 7.5 3.9
170 8.3 5.2

a The � values are given on the basis of a reference volume
of 100 cm3/mol.

Figure 3. Temperature dependence of the thermodynamic interaction parameters for
two blends of dPBD and P(4tBS). The inset shows the temperature dependence of the
extrapolated values of I(0). The 75/25 dPBD/P(4tBS) blend exhibits a binodal between
135 and 150 °C and can be seen in the discontinuous change in the values of 1/I(0). The
� values for these blends indicate LCST behavior and are significantly stronger than
those observed for dPBD/PI.
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it has been previously reported that in many in-
stances chain dimensions obtained from SANS
experiments do not agree with those determined
with intrinsic viscosities from � solutions.36 Addi-
tionally, there is a sufficient discrepancy in the
temperature dependence of � between the two
blends to preclude any definite conclusions on the
temperature dependence of the chain dimensions.
It is conceivable that attempting to obtain chain
dimensions from such chemically mismatched
systems could lead to erroneous conclusions, but
we are unaware of any reports that suggest that
there are significant changes in the chain dimen-
sions in such weakly interacting polymer blends.

Like the dPBD/PI blends discussed previously,
the data for �P(4tBS)/dPBD also reveal LCST behav-
ior and a similar composition dependence. The
presence of rather large negative � values at low
temperatures and the LCST phase behavior are
somewhat surprising because an examination of
the chemical structure of dPBD and P(4tBS) does
not suggest any specific interactions between the
two polymers. It is possible that, just as for blends
of PI and PBD,11,12,22,33,37,38 polyisobutylene
(PIB) and random ethylene/butene-1 copoly-
mers,7 and polypropylene (PP) and other polyole-
fins,9 the origin of the large negative � values
could be related to a slight deviation from Bert-
holet scaling.4–7 It is possible that at high tem-
peratures, equation-of-state effects, that is, differ-
ences in the thermal expansion coefficients of the
two polymers, lead to the observed phase separa-
tion and the large positive interaction parameter

values. The estimated spinodal points (see the
inset in Fig. 3) support this argument with values
of approximately 170 °C for both compositions
studied.

Ternary Blends

The miscibility of the ternary blends is illustrated
by the 1/I(0)–temperature data shown in Figure
4(a–c). Unlike the binary blends, the extrapola-
tion of the data to q 	 0 does not provide a simple
mechanism for estimating the spinodal tempera-
ture. However, the uniform temperature depen-
dence and constant slopes of the linear fits of the
data suggest that the samples are, at these tem-
peratures, single-phase. Data from Figures 2 and
3 and the ternary blend scattering were used with
eqs 7–9 to obtain the interaction parameters for
the binary pairs of PI and P(4tBS). When no bi-
nary composition matched the ratio of the compo-
nents in the ternary system [for dPBD/P(4tBS)
and dPBD/PI blends], the binary data were inter-
polated or extrapolated to the required ratio.
A representative ternary RPA fit for the dPBD/
PI-a/P(4tBS) blend system is shown in the inset
of Figure 5(a) for an equal-volume-fraction
blend. The only parameters allowed to vary are
�PI/P(4tBS) and a chain expansion parameter (
) to
account for any changes in the coil dimensions in
these blends. The Rg values for P(4tBS) are based
on those obtained from the binary blends of
P(4tBS) and dPBD. The values of 
 range from
0.97 to 1.03 [with the exception of the 10/45/45

Table 4. RPA Fitting Results for the dPBD/P(4tBS) Blendsa

Temperature
(°C)

50/50 dPBD/P(4tBS) 75/25 dPBD/P(4tBS)

� (�104) �P(4tBS) (Å) � (�104) �P(4tBS) (Å)

30 — — �40.6 6.71

40 — — �26.9 6.56

50 — — �14.8 6.72

60 — — �3.2 6.59

70 �18.4 6.72 5.3 6.63

80 �8.6 6.47 12.2 6.58

90 �0.4 6.21 18.3 6.51

100 6.9 6.20 23.4 6.45

110 14.4 6.25 27.9 6.43

120 20.0 6.28 32.7 6.34

135 27.1 6.36 Phase separation Phase separation
150 32.9 6.31 Phase separation Phase separation
170 Phase separation Phase separation Phase separation Phase separation

a The � values are given on the basis of a reference volume of 100 cm3/mol.
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dPBD/PI-b/P(4tBS) blend for the PI-b series, for
which the values of 
 are as high as 1.08, with
considerable uncertainty in those values because

of the small amounts of dPBD] and suggest that
the chain dimensions in these ternary blends are
essentially unchanged from those of the pure

Figure 4. Temperature dependence of the Zimm analysis of ternary blends: (a)
33/33/33 dPBD/PI-a/P(4tBS), (b) 10/45/45 dPBD/PI-a/P(4tBS), and (c) 33/54/13 dPBD/
PI-b/P(4tBS). The intercept values cannot be directly related to the thermodynamic
interactions of the binary pairs, and the data are shown only to demonstrate their
quality and the inference that single-phase blends are found in all ternary cases (ICoh

is the coherent SANS intensity).

THERMODYNAMIC INTERACTIONS 3211



components (for PBD and PI) and the binary
blend [for P(4tBS)].

The values of �PI/P(4tBS) for the low-molecular-
weight PI series (PI-a) from the ternary blends
with dPBD/PI-a/P(4tBS) compositions (by weight)
of 33/33/33, 20/40/40, 10/45/45, 33/27/40, 33/40/27,
and 33/54/13 are shown in Figure 5(a) as a func-
tion of the temperature and are tabulated in Ta-
ble 5. Figure 5(b) presents a similar graph for the
temperature dependence of �PI/P(4tBS) in the high-
molecular-weight PI (PI-b) system, with the nu-
merical values tabulated in Table 6. The 33/33/33
composition blend for the PI-b system did not
yield usable data, presumably because of compli-
cations during the sample preparation related to
the high temperatures required for flow. The er-
ror bars for the interaction parameters obtained
from ternary scattering experiments are some-
what larger than those of the binary data because
of the added uncertainty from the substitution of
the binary �’s. The hydrogenous pair of P(4tBS)
and PI exhibit large negative values in the tem-
perature range examined, indicating strong inter-
actions, with the temperature dependence consis-
tent with that of a system exhibiting an LCST,
although even at the highest temperature exam-
ined (170 °C) the binary blend exhibits a large
negative value for � far from phase separation. As
explained in the introduction, these strong inter-

actions imply that no strong thermorheological
complexity should be observed in the viscoelastic-
ity of the P(4tBS)/PI blends. A detailed study of
the viscoelasticity will be presented in a future
article and compared with the predictions from
the SANS experiments.

The values of �PI/P(4tBS) exhibit a rather strong
dependence on the composition of the ternary
blend but are nearly independent of the molecular
weight of PI. The dependence on the blend com-
position has been examined in two ways, as dem-
onstrated in Figure 6. First, at a constant volume
fraction of dPBD (0.33), the impact on the ratio of
PI to P(4tBS) has been examined [Fig. 6(a,c)]. The
dependence is either linear or parabolic, with in-
sufficient data available for P(4tBS)-rich blends
because of the high processing temperatures and
concomitant degradation of PI, and is similar at
all temperatures examined. A similar slice of the
compositional dependence is examined in Figure
6(b), in which, for equal-volume-fraction blends of
PI (PI-a) and P(4tBS), the changes in �PI/P(4tBS)
are examined versus the volume fraction of dPBD
in the blends. In the fits for these blends, the
effect of changing the ratio of dPBD to PI and of
dPBD to P(4tBS) on �dPBD/PI and �dPBD/P(4tBS) is
already factored into the calculations. Interest-
ingly, the changes in �PI/P(4tBS) with the dPBD
composition are comparable to the changes in the

Figure 4. (Continued from the previous page)
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PI [or P(4tBS)] composition in Figure 6(a,c). Such
linear (or parabolic) compositional dependences
for �, with the values for compositions at the

wings being considerably larger than those in the
middle of the range, are similar to data for mix-
tures of isotopes,2,39 mixtures of polybuta-

Figure 5. (a) Temperature dependence of the thermodynamic interaction parameters
�PI/P(4tBS) for the blend of PI-a/P(4tBS) at different compositions: (�) 33/33/33, (E)
20/40/40, (�) 10/45/45, (�) 33/27/40, (F) 33/27/40, and (Œ) 33/54/13 dPBD/PI-a/P(4tBS).
The inset is a representative fit of the ternary blend (33/33/33) at 100 °C (ICoh is the
coherent SANS intensity). (b) Temperature dependence of the thermodynamic interac-
tion parameters �PI/P(4tBS) for the blend of PI-b/P(4tBS) at different compositions: (E)
20/40/40, (�) 10/45/45, (�) 33/27/40, (F) 33/27/40, and (Œ) 33/54/13 dPBD/PI-a/P(4tBS).
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dienes,10 mixtures of polybutadiene and polyiso-
prene,11,22,38 and many mixtures of polyolefins.40

For the cases in which linear compositional de-
pendences have been observed (i.e., mixtures of
polybutadienes and mixtures of polybutadiene
and polyisoprene11,22,38,41), the origins are
thought to be equation-of-state effects (i.e., vol-
ume changes upon mixing). Given the large at-
tractive interactions in the absence of specific in-
teractions for PI and P(4tBS), we suggest that
equation-of-state effects must dominate the ther-
modynamics of mixing. It would certainly be in-
teresting to examine the pressure–volume–tem-
perature properties of P(4tBS) and its mixtures
with PI and PBD.6,41

Finally, as noted earlier, the incompressible
FHS formulation and the incompressible RPA
used to fit the SANS data implicitly neglect three-
body effects. Although there is extensive litera-
ture on the effect of three-body interactions on
measured binary interaction parameters for
small molecules and even colloidal dispersions,42

we are unable to ascertain the relative impor-
tance of three-body interactions on the reported
values of �PI/P(4tBS). We need to find at least two
other pairs of polymeric cosolvents for PI and
P(4tBS) to sort out the possibility of three-body
effects affecting the measured � values. Neverthe-
less, for the only other polymer blends for which
such ternary systems have been studied (polyole-

Table 5. P(4tBS)/PI-a Interaction Parameters from the RPA Fitting of dPBD/PI-a/P(4tBS) Ternary Blendsa

Temperature
(°C)

33/33/33
� (�104)

20/40/40
� (�104)

10/45/45
� (�104)

33/27/40
� (�104)

33/40/27
� (�104)

33/54/13
� (�104)

30 — — — �166.1 �166.5 �148.4
50 — — — �154.3 �148.4 �128.0
60 �144.3 �167.4 �181.1 �150.3 �142.6 �121.2
70 �139.2 �161.5 �181.4 �139.5 �132.6 �113.3
80 �131.0 �152.5 �174.8 �128.2 �120.6 �102.8
90 �124.1 �146.3 �169.5 �122.2 �113.1 �97.2

100 �116.9 �138.0 �159.8 �115.1 �105.7 �88.4
110 �107.9 �128.1 �147.4 �105.8 �96.5 �82.7
120 �101.6 �122.2 �141.0 �98.4 �88.2 �71.7
135 �95.9 — — — �73.6 —
150 �82.8 — — — �59.4 —
170 — — — — �43.5 —

a The � values are given on the basis of a reference volume of 100 cm3/mol.

Table 6. P(4tBS)/PI-b Interaction Parameters from the RPA Fitting of dPBD/PI-b/P(4tBS) Ternary Blendsa

Temperature
(°C)

20/40/40
� (�104)

10/45/45
� (�104)

33/27/40
� (�104)

33/40/27
� (�104)

33/54/13
� (�104)

30 — — — �178.1 �147.1
50 — — — �141.5 �120.3
60 — — — �128.9 �101.7
70 �158.5 �178.0 �134.3 �118.7 �92.4
80 �147.9 �159.0 �123.5 �110.5 �84.8
90 �141.8 �157.7 �117.1 �103.9 �77.6

100 �134.4 �146.9 �108.4 �96.2 �69.2
110 �126.4 �141.3 �99.7 �88.1 �63.0
120 �120.1 �135.8 �89.1 �80.0 �53.3
135 — — — �67.3 �34.6
150 — — — �52.9 �14.7
170 — — — — �11.5

a The � values are given on the basis of a reference volume of 100 cm3/mol.
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fin blends and PS/deuterated PS/PVME blends),
no discernible three-body effects have been impli-
cated.8,43

CONCLUSIONS

We have characterized in this article miscible
polymer blends of polyisoprene (and polybuta-
diene) with P(4tBS) over a wide range of compo-
sitions and have obtained thermodynamic inter-
action parameters for the hydrogenous versions of
these polymers with ternary blends. Although it
is surprising to find compatibility between a sty-
rene derivative and polydienes, the large negative
� values and the presence of LCST come as addi-
tional surprises. These results naturally have a
significant impact on the blending of styrene-
based polymers with polydienes and polyolefins.
Additionally, these results must also significantly
affect the viscoelastic behavior of the blends, and
this topic is currently being explored in our labo-
ratory.
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